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ABSTRACT
ELECTROACOUSTIC TRANSDUCER
Mauricio Coss, M.S.
Department of Electrical Engineering
Northern Illinois University, 2016
V. P. McGinn, Director

A microphone is an electroacoustic transducer. The acoustic input is nothing more than
sound waves. These interact with a diaphragm to excite motion in solid bodies. The mechanical
system interacts electrically to create an electrical signal. There are several techniques in which
motion may be turned into an electrical signal. This paper will introduce a technique where a
sound wave moves a foil near a coil, changing the coil’s inductance, producing a time-varying
voltage signal.
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CHAPTER 1: ELECTROACOUSTIC TRANSDUCER
1.1 Idea
A diaphragm is cut to 5” long, 1” wide, out of steel sheet which is 80 millionths of an
inch thick. When located in a sound field, its output is converted to an electrical signal that
reproduces the sound pressure variations that it senses. The sensing is picked up using a
modified audio transformer. The primary is used for sensing the signal and the secondary is
excited with a current generator. The signal that is produced is then amplified using an
operational amplifier.
The certain transformer utilized is a 42TM117-RC. Transformers contain coils wrapped
around iron cores. Exciting one of the coils with a current source will create a magnetic pole, as
shown in Fig. 1.1.1.

Figure 1.1.1. Current source exciting a transformer winding
The iron core contains laminated E's and I's. The laminated E’s and I’s reduce losses
related to the eddy currents which arise from an induced electric field produced from varying
flux. The I's were removed so that magnetic flux is not confined to the core and therefore the foil
becomes part of the magnetic circuit. These poles are mounted on a frame which holds the poles
right up against the diaphragm as shown in Fig. 1.1.2.
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Figure 1.1.2. Position of poles right up against the diaphragm

When an impinging sound wave hits the foil, the diaphragm will move closer or farther
away from a pole piece (Fig. 1.1.3). As the metallic foil is moving closer or farther away from
the pole pieces, the inductance of the coil is changing. The voltage across the coil is proportional
to the change of inductance with respect to time.

Figure 1.1.3. Diaphragm movement due to impinging wave
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The high impedance winding is selected to sense the time-varying voltage. This signal is
passed to an amplifier circuit. This amplifier circuit may be powered by a voltage regulator
which is also powering the current source used to excite the low-impedance winding of the audio
transformer.

CHAPTER 2: DESIGN BBACKGROUND
2.1 Inductors
Inductance is the circuit parameter used to describe an inductor. Inductance is symbolized
by the letter L, is measured in henrys (H), and is represented graphically as a coiled wire.
Inductance is a consequence of a conductor linking a magnetic field. Fig. 2.1.1 shows the symbol
for an inductor. Assigning the reference direction of the current in the direction of the voltage
drop across the terminals of the inductor, as shown in Fig. 2.1.1, yields
𝑣=𝐿

𝑑𝑖
𝑑𝐿
+𝑖 ,
𝑑𝑡
𝑑𝑡

(2.1.1)

where v is measured in volts, L in henrys, I in amperes, and t in seconds.

Figure 2.1.1. Graphic symbol for an inductor.
Note from Eq. (2.1.1) that the voltage across the terminals of an inductor is proportional
to the time rate of change of the current in the inductor. Two important observations can be
made which comply with Fig. 2.1.3. First, if the current is constant, the voltage across the ideal
inductor is zero. Thus, the inductor behaves as a short circuit in the presence of a constant, or
DC, current. Second, current cannot change instantaneously in an inductor; that is, the current
cannot change by a finite amount in zero time. Eq. (2.1.1) tells us that this change would require
an infinite voltage, and infinite voltages are not possible.
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Figure 2.1.2. Circuit of inductor with current source
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Figure 2.1.3. Current and voltage waveforms of inductor

2.2 Capacitors
The circuit parameter of a capacitor is represented by the letter C, is measured in farads
(F), and is symbolized graphically by two short parallel conductive plates, as shown in Fig. 2.2.1.
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Figure 2.2.1. Circuit symbol for a capacitor
Because the farad is an extremely large quantity of capacitance, practical capacitors are
based on submultiples of the farad. The most frequently encountered values lie in the picofarad
(pF) to microfarad (uF) range.
The graphic symbol for a capacitor is a reminder that capacitance occurs whenever
electrical conductors are separated by a dielectric, or insulating, material. This condition implies
that electric charge is not transported through the capacitor. Although applying a voltage to the
terminals of the capacitor cannot move a charge through the dielectric, it can displace a charge
within the dielectric. As the voltage varies with time, the displacement of charge also varies with
time, causing what is known as the displacement current.
At the terminals, the displacement current is indistinguishable from a conduction current.
The current is proportional to the rate at which the voltage across the capacitor varies with time,
or, mathematically,
𝑖=𝐶

𝑑𝑣
𝑑𝐶
+𝑣
𝑑𝑡
𝑑𝑡

(2.2.1)

where i is measured in amperes, C in farads, v in volts, and t in seconds.
Two important observations follow from Eq. (2.2.1). First, voltage cannot change
instantaneously across the terminals of a capacitor. Eq. (2.2.1) indicates that such a change
would produce infinite current, a physical impossibility. Second, if the voltage across the
terminals is constant, the capacitor current is zero. The reason is that a conduction current
cannot be established in the dielectric material of the capacitor. Only a time-varying voltage can
produce a displacement current. Thus, a capacitor behaves as an open circuit in the presence of a
constant voltage.
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2.3 Introduction to Diodes
The circuit parameter of a diode is represented by the letter D and is symbolized graphically
by a triangle with a straight line, as shown in Fig. 2.3.1.

Figure 2.3.1. Circuit symbol for a diode

Diodes are constructed by joining a P-type silicon with an N-type silicon. The material
type is achieved by doping silicon with ions. The P-type material has an absence of electrons
and the N-type of material has an excess of electrons. When the two types of materials are
joined, they behave differently than either type of material alone. Current will flow in one
direction, forward bias, but will not flow in the other, reverse bias.
In diodes, the current is not linearly related to voltage, as seen in Fig. 2.3.2, so diodes are
referred to as nonlinear devices. Diodes only consume power, so they are passive components.
When voltage is reversed, or becomes negative across the diode, virtually no current flows
through the diode. The junction is reverse biased when the voltage across the diode becomes
negative.
For an ideal diode, there is either no current flow or lots of current flow. The diode is
either on or off, acting like a switch. Also, there is no resistance associated with an ideal diode,
so when there is current flow there is not voltage drop across the diode.
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Figure 2.3.2 Current as a function of voltage in a diode

2.4 Zener Diode
The steep portion, as shown in Fig. 2.4.1, in the reverse-biased region is called the
breakdown region. In this region, the voltage across the diode remains nearly constant while the
current varies. This implies that there is a small resistance associated with the diode when it is
operating in the breakdown region. There are two physical mechanisms that result in this
behavior: one is the Zener effect and the other is the Avalanche effect. The Zener effect occurs
when there is a large electric field in the depletion region causing electrons to break free in the
silicon. The slope of the breakdown region is the conductance of the Zener diode.
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Figure 2.4.1. Current as a function of voltage for a Zener diode
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The circuit symbol for the Zener diode is shown in Fig. 2.4.2. The operation of the Zener
diode is typically in the breakdown region. The equivalent circuit of the Zener diode in
breakdown region is a voltage source in series with a resistor. Since this resistor is small, the
current needs to be limited to avoid damaging the device.

Figure 2.4.2. Schematic symbol for a Zener diode

2.5 Introduction to Bipolar Junction Transistor
A bipolar junction transistor or BJT consists of three regions: the base, collector, and
emitter regions as seen in Fig. 2.5.1. If the emitter region is a heavily doped N-type material,
then the base is a P-type and the collector is an N-type. This transistor is called an NPN BJT.

Figure 2.5.1. BJT NPN-doped regions with voltage polarities

When the base-emitter junction is forward biased, electrons are injected into the base.
The electrons diffuse across the base and into the collector, producing a collector current. If the
collector base region is reverse biased, then the collector current is independent of the voltage
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across the collector base region. The collector current does depend on the voltage from the base
to emitter.
Fig. 2.5.2 is a plot of family curves for an NPN BJT. The plot shows the current into the
collector as a function of the voltage across the collector emitter region. There exists a finite
slope of collector current in the family of curves due to base-width modulation, known as the
early effect.

C
u
100mA
r
r
e
n 50mA
t
0A
0V

1.0V
IC(Q3)

2.0V

3.0V

3.9V

Voltage

Figure 2.5.2. Family of curves for NPN BJT

2.6 Self-Inductance
Two circuits linked by a magnetic field are said to be magnetically coupled. A
transformer is a device designed to utilize magnetic coupling. Transformers allow us to increase
or decrease voltages from a source to a load. Transformers are also used for impedance
matching.
Michael Faraday postulated that a magnetic field consists of lines of force surrounding
the current-carrying conductor. As the current increases and decreases, the force of the lines
increases or decreases. The voltage induced in the conductor is proportional to the number of
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lines. This induced voltage is expressed by what is called Faraday’s law and from Faraday’s law
the definition of self-inductance is obtained by drawing a connection using Fig. 2.6.1 as a
reference.

Figure 2.6.1. Representation of a magnetic field linking an N-turn coil (Colpitts, 2000)

The lines threading the N turns are labeled as 𝜙 and represent the magnetic lines of force
which make up the magnetic field. The strength of the magnetic field depends on the strength of
the current. The right-hand rule relates the orientation of the field to the direction of the current;
when the fingers of the right hand are wrapped around the coil so that the fingers point in the
direction of the current, the thumb points in the direction of that portion of the magnetic field
inside the coil. The flux linkage is the product of the magnetic field (𝜙), measured in webers
(Wb), and the number of turns linked by the field (N).
The magnitude of the flux, 𝜙, is the product of the coil current, number of turns on the
coil and permeance. The permeance is the space occupied by the flux and describes the
magnetic properties of this space. The space containing the flux is typically made up of
magnetic materials such as iron. Self-inductance is proportional to the square of the number of
turns on the coil.
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The polarity of the induce voltage in Fig. 2.6.1 reflects the reaction of the field to the
current creating the field. For example, when i is increasing, di/dt is positive and v is positive.
Thus, energy is required to establish the magnetic field. The product vi gives the rate at which
energy is stored in the field. When the field collapses, di/dt is negative, and again the polarity of
the induced voltage is in opposition to the change. As the field collapses about the coil, energy is
returned to the circuit.
2.7 Mutual Inductance
Mutual inductance is the circuit parameter that relates the voltage induced in one circuit
to a time-varying current in another circuit. This situation arises whenever a common magnetic
field links two or more circuits.
Figure 2.7.1 shows two magnetically coupled coils. The number of turns on coil 1 and
coil 2 are N1 and N2 respectively. Coil 1 is energized by a time-varying current source that
establishes the current 𝑖1 in the N1 turns. Coil 2 is not energized and is open. The flux produced
by the current 𝑖1 can be divided into two components, labeled 𝜙11 and 𝜙21 in Fig. 2.7.1. The
flux component 𝜙11 is the flux produced by 𝑖1 that links only the N1 turns. The component 𝜙21
is the flux produced by 𝑖1 that links N2 turns and the N1 turns. The first digit in the subscript to
the flux gives the coil number, and the second digit refers to the coil current. Thus 𝜙11 is a flux
linking coil 1 and produced by a current in coil 1, whereas 𝜙21 is a flux linking coil 2 and
produced by a current in coil 1.
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Figure 2.7.1. Two magnetically coupled coils (Fitzpatrick, 2007)

The total flux linking coil 1 is 𝜙1 , the sum of 𝜙11 and 𝜙21 . The flux 𝜙1 is the product of
𝑖1 , 𝑁1 , and the permeance of the space occupied by the flux 𝜙1 .
The relationship between the permeance of the space occupied by the total flux 𝜙1 and
the permeances of the spaced occupied by its components 𝜙11 and 𝜙21 is derived; then using
Faraday’s law, the expression for 𝑣1 and 𝑣2 can be derived respectively as
𝑣1 =
𝑣2 =

𝑑𝜆1
𝑑𝑡
𝑑𝜆2
𝑑𝑡

= 𝒫1 𝑁12

𝑑𝑖1

= 𝒫2 𝑁22

𝑑𝑡
𝑑𝑖2
𝑑𝑡

= 𝐿1

𝑑𝑖1

= 𝐿2

𝑑𝑡
𝑑𝑖2
𝑑𝑡

(2.7.1)
(2.7.2)

2.8 Mutual Inductance in Terms of Self-Inductance
The value of mutual inductance is a function of the self-inductances and the coupling
between coils. This relationship can be derived to be
𝑀2 = 𝑘 2 𝐿1 𝐿2

(2.8.1)

𝑀 = 𝑘√𝐿1 𝐿2

(2.8.2)

or
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where the constant k is called the coefficient of coupling. 1/𝑘 2 must be greater than 1, which
means that k must be less than 1. In fact, the coefficient of coupling must lie between 0 and 1.
The coefficient of coupling is 0 when the two coils have no common flux, that is, when 𝜙12 =
𝜙21 = 0. If there is no flux linkage between the coils, then M is 0.
A coefficient of coupling of 1 implies that all the flux that links coil 1 also links coil 2,
which represents an ideal state. Winding two coils so that they share precisely the same flux is
physically impossible.

2.9 Polarity of Mutually Induced Voltages
We keep track of the polarities by a method known as the dot convention, in which a dot
is placed on one terminal of each winding; these dots carry the sign information. The rule for
determining the polarity of mutually induced voltage by the dot convention can be summarized
as follows: When the reference direction for a current enters the dotted terminal of a coil, the
reference polarity of the voltage that it induces in the other coil is positive at its dotted terminal.
The dot markings in Fig. 2.9.1 reflect the dot convention for the circuit in Fig. 2.7.1.
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Figure 2.9.1. Dot markings for the coils of Fig. 2.7.1.

2.10 The Operational Amplifier
The operational amplifier or op amp was referred to as operational because it was used to
implement the mathematical operations of integration, differentiation, addition, sign changing
and scaling. In recent years, the range of applications has broadened beyond implementing
mathematical operations; however, the original name for the circuit persists. Several
characteristics of the op amp are as follows:
1. Infinite input impedance (high, about 20 Mega ohms)
2. Zero output impedance (low, about 3 ohms)
3. Bipolar output
4. Low noise (Johnson or thermal noise)
5. Large dynamic range
6. Inverting/noninverting capability
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7. Infinite (high) gain
8. Good efficiency
9. Low distortion
10. Wide bandwidth
Fig. 2.10.1 shows a top view of a 14-lead DIP or in-line package, with the terminal
designations given alongside the terminals. The terminals of primary interest are:


The inverting input



The noninverting input



The output



The positive power supply (V+)



The negative power supply (V-)

Figure 2.10.1. Top view of 14-lead DIP package

The remaining three terminals are of little or no concern. The offset null terminals may
be used in an auxiliary circuit to compensate for a degradation in performance because of aging
and imperfections. NC stands for no connection, which means that the terminal is not connected
to the amplifier circuit.
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The noninverting input terminal is labeled plus (+), and the inverting input terminal is
labeled minus (-). The power supply terminals are marked V+ and V-. The terminal at the apex
of the triangular box always is understood to be the output terminal.
2.11 Virtual Ground
Fig 2.11.1 shows an ideal op amp configured as an inverting op amp. The output of the
op amp is modeled as an ideal voltage generator scaled by the gain of the op amp. Resistance
seen by the input terminal of the op amp is very large, ideally infinite. This means that there is
not current flow into the inputs of the op amp.
R2
R1
Vx

OUT

Vout

+
U3
Vin
KVx

0

Figure 2.11.1. Inverting op amp

Superposition is an analysis technique that may be applied to linear time-invariant
circuits. If the op amp is in the linear active region, then superposition may be applied to find
the value of Vx. Superposition states that all the generators within a circuit are turned off except
for one. The generators which have been turned off are replaced by their internal impedance.
The contribution of the single generator is calculated. This is repeated until all the contributions
of all the generator have been calculated. The contributions are summed, producing the final
answer.
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Turning off generator KVx and replacing it with a short circuit results in
𝑅2

𝑉𝑥1 = 𝑉𝑖𝑛 𝑅1+𝑅2

(2.11.1)

Turning off generator Vin and replacing it with a short circuit results in
𝑅1

𝑉𝑥2 = −𝐾𝑉𝑥 𝑅1+𝑅2

(2.11.2)

Summing the contributions from each generator results in
𝑉

𝑅2

𝑖𝑛
𝑉𝑥 = 𝑉𝑥1 + 𝑉𝑥2 = 𝑅1+𝑅2+𝐾𝑅1

(2.11.3)

Now letting K approach infinity results in Vx = 0. This is referred to as the virtual
ground. This also means that the voltage difference seen from the noninverting input to the
inverting input is zero, or that the voltage seen at the inverting input is the same voltage at the
noninverting input.
Although the op amp has three distinct regions of operation, the linear active region is the
operation utilized in the circuit. The output voltage is limited to the Vcc and -Vcc. In this
region, the output voltage is equal to the difference in its input voltages times the gain, K.
2.12 Noninverting Op Amp
Fig. 2.12.1 shows the configuration of a noninverting op amp. As seen before, the
voltage difference from the noninverting input to the inverting input is zero.
R2

R1

Vin
OUT
Vin

Vo

+

Figure 2.12.1. Noninverting op amp
Writing a KVL equation results in
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𝑉𝑜 = 𝑉𝑖𝑛 + 𝑅2𝑖2 = 𝑉𝑖𝑛 +

𝑅2𝑉𝑖𝑛
𝑅1

𝑅2

= 𝑉𝑖𝑛 (1 + 𝑅1)

(2.12.1)

Then the voltage gain is
𝑉𝑜
𝑉𝑖𝑛

𝑅2

= 1 + 𝑅1

(2.12.2)

CHAPTER 3: CIRCUIT DESIGN
3.1 Current Source
A current source is synthesized when the base emitter junction is forward biased and the
base collector junction is reversed biased. The current source is from the collector to emitter
region and is placed at the open terminals shown in Fig. 3.1.1. The simplified hybrid model is
used, as shown in Fig. 3.1.2, to analyze the current source. The DC regulator is a slow varying
DC and can be considered as an AC signal. Therefore, the 6.2-volt battery is considered as a
dynamic short circuit.

Figure 3.1.1. Impedance of a current source

Since the battery is considered a short, resistor R4 in Fig. 3.1.1 may be ignored. A
current test generator is then connected to the collector of the BJT. This generator will produce a
voltage at the collector, then using Ohm’s law the impedance looking into the collector of the
BJT may be calculated.
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Figure 3.1.2. Simplified hybrid model

1

Typically, hie is 1,100, h

oe

1

is 40,000, and hfe is 50. The units of hie and h

oe

are ohms and

hfe is unitless. A source transformation on the current generator in between the collector and
1

emitter results in a voltage generator (V) in series with the resistor h . The voltage generator
oe

value is calculated in Eq. (3.1.1). The current flowing through hie is the current flowing into the
base and is calculated in Eq. (3.1.2). Resistor R5 and hie are in parallel, and this parallel
connection can be simplified into 371 ohms.
𝐼𝐵 = −𝐼𝑇𝑒𝑠𝑡

1
1100
1
1
+
1100 560

= −𝐼𝑇𝑒𝑠𝑡 0.337

(3.1.1)

𝑉 = 50 ∗ 𝐼𝐵 ∗ 40000 = −674698 𝐼𝑇𝑒𝑠𝑡

(3.1.2)

The final circuit is now ITest in series with a voltage generator and two resistors. From
here a KVL equation may be written as shown in Eq. (3.1.3); then solving for the ratio of

VTest
ITest

results in an impedance of 715,070 ohms.
𝑉𝑇𝑒𝑠𝑡 = (674698 + 40000 + 371) 𝐼𝑇𝑒𝑠𝑡

(3.1.3)
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The 6.2 voltage generator labeled as V3 in Fig. 3.1.1 may be replaced by a Zener diode.
The specific diode that was used is a 1N4736 6.8 V. The current through the Zener diode is
limited by R4. R5 is to forward bias the base emitter junction of the BJT. V2 is the value of the
DC voltage created by the voltage regulator. The input terminals of the current source will be
connected to the low-impedance windings of the audio transformer. Four of the low-impedance
windings in series result in a DC resistance of 168 ohms. This resistance value does not cause
the BJT to saturate.
3.2 Voltage Regulator
The specific transformer that was implemented into a circuit was the FS10-250 power
transformer. This transformer consists of two primary and two secondary windings. The
primary windings may be wired in series for 230 volts or in parallel for 115 volts. The
secondary windings may be wired in series for 10 volts or in parallel for 5 volts. The specific
configuration in the circuit shown in Fig. 3.2.1 has the primary windings in parallel and the
secondary windings in series.
K K2
K_Linear
COUPLING = .98

V1
VOFF = 0
VAMPL = 170
FREQ = 60
AC = 0

L4
7u

L3
120u

R2
.1
R7

0
1Meg

R3

D1

out
100
D2

D4

D3

C1
1m

R8
.01

0

Figure 3.2.1 Voltage regulator circuit

C2
1m
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The voltage is taken from the wall socket, which has a peak value of 170, and a
frequency of 60 Hz is stepped down utilizing the transformer. R7 is so that the simulator will
run; otherwise, the right hand of the circuit is floating. R2 and R8 can be viewed as the DC
resistance of the windings but they also allow the simulation to run; since L3 has no resistance,
the simulator treats it as a short circuit without R2. The parameter K2 is the coupling coefficient
and it is slightly less than 1. The four diodes form a full wave rectifier, then the signal is filtered
using C1, R3, and C2. The filtered voltage is shown in Fig. 3.2.2.
D
C

20V

15V
V
o 10V
l
t
a 5V
0V
60ms
70ms
V(out)- V(0)

80ms

90ms

100ms

Time

Figure 3.2.2. DC-filtered voltage

3.3 Single-Stage Amplifier
The initial amplifier used was simulated in Fig. 3.3.1. The amplifier in the circuit is an
LM324. It is more convenient to use a single power supply rather than a split power supply. To
maintain the output swing of the amplifier, the circuit is re-referenced. R11 and R8 are used to
re-reference the circuit. C9 is to reduce the noise that may reside on the power rails. C7 is to
reduce any noise that may reside on the re-referenced ground. R9 and R10 are used to establish
the gain of the amplifier. R12 is the DC resistance of two of the high-impedance windings in the
audio transformers. C8 is to produce low-frequency roll-off. V2 simulates the voltage signal in
which the transducer is producing. V4 allows the simulation to implement a frequency sweep.
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Figure 3.3.1. Single-stage amplifier circuit
The response of the circuit in Fig. 3.3.1 is displayed in Fig. 3.3.2. The lower 3 dB point
is at 0.596 Hz and the upper 3 dB point is at 12.1 kHz, resulting in a bandwidth of about 12.1
kHz. The pass band voltage gain is 82.5 which corresponds to 38 dB.
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Figure 3.3.2 Response of single-stage amplifier circuit

3.4 Dual-Stage Amplifier
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The initial amplifier was too noisy, so a second amplifier was designed using a
ML747CP which is two 741 amplifiers. It is operating on one power supply, so to maintain
output voltage swing the circuit is re-referenced with resistors R11, R8, R17, and R16. C3 and
C7 are to reduce high-frequency noise. V2 simulates the voltage signal from the transducer. V4
allows simulator to perform an AC sweep. R9, R10, R14, and R15 are to establish the gain of
each stage. C19 and C18 are for high-frequency roll-off. C8 and C11 are for low-frequency
roll-off. R12 and R13 is to limit leakage current. C14 is a DC block capacitor because an offset
will be amplified by the next stage.

Figure 3.4.1. Dual-stage amplifier circuit
The response of the circuit in Fig. 3.4.1 is displayed in Fig. 3.4.2. The lower 3 dB point
is at 223 Hz and the upper 3 dB point is at 15.8 kHz, resulting in a bandwidth of about 15.8 kHz.
The pass band voltage gain is 121, which corresponds to 41.6 dBs.
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Figure 3.4.2. Response of dual-stage amplifier circuit

CHAPTER 4: EXPERIMENTAL IMPLEMENTATION
4.1 Diaphragm Implementation
Starting with 80um inch thick permalloy steel, pieces were cut to size, making sure that
they would fit in the machined frames. The frames act as clamps, holding the foil in place. Then
the foil was placed in the corrugator, which allows us to corrugate the foil. The entire foil is not
corrugated but only a section that falls inside the frame. With micrometers, as seen at the top of
Fig. 4.1.1, depth or pressure applied to the foil during the corrugating process may be controlled.
The large dial, as seen to the right in Fig. 4.1.1, feeds the foil through the corrugator, controlling
the length of corrugations.

Figure 4.1.1. Corrugator with micrometer
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Next the foil is placed onto the stretcher, which is displayed in Fig. 4.1.2. Each side of
the stretcher has a movable platform which the foil is taped down to. These platform’s positions
are controlled by a dial which are seen at the end of each platform. The amount of stretch is
controlled by these two dials. Each dial moves its corresponding platform along a rail which
uses sensors to gauge the distance traveled. The distance is displayed in LCD displays,
informing the user of how far the foil has stretched towards each side.

Figure 4.1.2. Aluminum foil in frame placed in stretcher

The stretcher is used to achieve a desired tension of the diaphragm. The tension desired
is that in which the foil is neither too tight nor too lose. The foil should be tight enough to where
the foil does not sag but not too tight to where the corrugations are removed. It is desired that
when the foil moves due to an impinging sound wave, it returns to its initial position.
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Once the desired tension is achieved the top half of the frame is tightened down onto the
foil to maintain the tension of the foil. The taped foil is then removed from the platforms and
then the frame is removed from the stretcher.
The modified transformers, as shown in Fig. 4.1.3, are now soldered onto PCB boards.
Color-coded wiring is soldered to a corresponding transformer lead. The leads of the
transformer are numbered as shown in Fig. 4.1.4.

Figure 4.1.3. Modified transformer with PCB board

Figure 4.1.4. 42TM117-RC audio transformer pin designation
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These are now connected to the frame which is holding the corrugated foil. They are
placed onto springs which allows the position of the transformer to be placed right up against the
foil without touching it. The phasing dots of the audio transformer are displayed in Fig. 4.1.5.

Figure 4.1.5. Schematic of 42TM audio transformer

4.2 Unexpected Noise and Oscillations
The transducer and the single-stage amplifier were placed inside a steel enclosure as seen
in Fig. 4.2.1. The desired effect of utilizing an enclosure was to minimize noise. A predominate
60 Hz noise existed, so the voltage regulator which was plugged into the wall socket was isolated
from the circuit. The amplifier circuit and the current source were now powered by batteries.

Figure 4.2.1. Amplifier and transducer in an enclosure
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The noise was not remedied with the above precautions. The single-stage amplifier was
redesigned to optimize the bandwidth. The single-stage amplifier had a lower 3dB point of 0.5
Hz. The dual-stage amplifier has a lower 3dB point of about 200 Hz. The goal was to minimize
the 60 Hz noise.
When the transducer was connected to the amplifier circuit, uncontrolled oscillations
occurred. These oscillations are displayed in Fig. 4.2.2.

Figure 4.2.2. Oscillations due to output and input cross-talk

The output and input were shielded to minimize the oscillations. The oscillations were
significatly reduced but still were measurable as seen in Fig. 4.2.3. Once the shielding of the
input and ouput leads of the amplifer were grounded, the oscillations were completely
eliminated.

32

Figure 4.2.3. Oscillations due to shielded output and input

One of the biggest challenges was the signal-to-noise ratio or SNR. Since the voltage
that is being produced by the transducer is so small, extra precaution was needed to detect the
signal. The transducer was isolated from the circuit to determine its noise level. This is
important because the noise that the transducer picks up will be amplified by the amplifying
circuit. The wire is not shielded and there is a total of 16 wires coming from the transducer at a
length of about one meter each. The noise level of the transducer is displayed in Fig. 4.2.4.
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Figure 4.2.4. First noise level of transducer
The setup of the transducer which produced the response in Fig. 4.2.4 is displayed in Fig.
4.2.5. The high-impedance leads are wired in series and the low-impedance windings are also
wired in series. The oscilloscope is sensing the noise on the high-impedance windings.

Figure 4.2.5. Setup initial noise level of transducer

The leads in Fig 4.2.5 are not shielded and are exposed to external fields. These external
fields may excite currents on the leads, resulting in noise. One method to minimize noise was to
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twist the wires together in pairs, which forms alternating loops. These loops have opposite
polarity for the fields coupled through the loops and they cancel (Fig. 4.2.6).

Figure 4.2.6. Twisted pair of wires demonstrating polarity

Twisting the wires into twisted pairs decreased the noise level almost by half. The new
noise level can be seen in Fig. 4.2.7.

Figure 4.2.7. Second noise level of transducer

We then proceeded to place the transducer into a shielded enclosure. From Fig. 4.2.8 the
noise level dropped about 5 mV when the transducer was placed into an aluminum shield.
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Figure 4.2.8. Third noise level of transducer

The cardboard seen in Fig. 4.2.9 is to structurally support the aluminum foil which acts as
a shielded enclosure. The leads can be shown as twisted pairs in Fig. 4.2.9.

Figure 4.2.9. Transducer in aluminum shield

The 60 Hz noise signal is captured in Fig. 4.2.10. When the soldering iron was on, it
produced the 60Hz noise and was penetrating the shielded enclosure. The soldering iron was
about 11 inches away from the enclosure when the noise was captured on the oscilloscope.
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Figure 4.2.10. Noise from soldering iron

4.3 Response
As seen in Fig. 1.1.3, each transformer is assigned a number 1-4 and is placed onto the
frame. As seen in Fig. 4.1.5 each transformer has six leads and each lead is numbered 1-6. The
colors corresponding to the lead numbers are:


1 Green (G)



3 Orange (O)



4 Black (K)



6 Blue (B)



2 and 5 are not used
The transducer has a directivity and a resonance. Initial testing used a 3-inch loudspeaker

connected to a sinusoidal audio generator. The max response occurs at a frequency between 3.13.6 kHz. The loudspeaker was placed 1 inch from the transducer diaphragm.
The input of the op amp is labeled as IN1 and is referenced to IN2 as seen in Fig 3.4.1.
The following test used the labels described above to demonstrate the setup of each test. To
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designate a series wire connection, three consecutive hyphens are utilized. The windings excited
by the current source are connected to the collector, C, and to the voltage regulator or V2.
Test 1 consisted of sensing connection: IN1---3,1(1) ---1,3(2) ---IN2
and current connection: V2---4,6(1) ---4,6(2) ---C
Test 1 connection for sensing can be read as the input of the amplifier is connected to the
high-impedance winding of transformer 1, which is in series with the high-impedance winding of
transformer 2, which is then connected to IN2. The current connection is read similarly where
the low-impedance windings of transformers 1 and 2 are in series and this series connection is
placed in series with the current source designed earlier.

Figure 4.3.1. Test 1 response

Signal generator is operating at a frequency of 3.484 kHz and a peak-to-peak voltage of 3
V. The speaker was placed above transformer 1.
Test 2 consisted of sensing connection: IN1---3,1(2) ---1,3(1) ---3,1(3) ---1,3(4) ---IN2
and current connection: V2---4,6(4) ---4,6(3) ---4,6(2) ---6,4(1) ---C
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Figure 4.3.2. Test 2 response

Signal generator is operating at a frequency of 3.484 kHz and a peak-to-peak voltage of 3
V. The speaker was placed above transformer 3.

Test 3 consisted of sensing connection: IN1---3,1(2) ---1,3(1) ---1,3(3) ---3,1(4) ---IN2
and current connection: V2---4,6(1) ---6,4(2) ---6,4(3)---4,6(4)---C

Figure 4.3.3. Test 3 response

Signal generator is operating at a frequency of 3.484 kHz and a peak-to-peak voltage of 3
V. The speaker was placed above transformer 1.
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Test 4 consisted of sensing connection: IN1---3,1(3) ---1,3(4) ---IN2 ---3,1(1) ---1,3(2) --IN1
and current connection: V2---4,6(4) ---4,6(3) ---4,6(2) ---4,6(1) ---C

Figure 4.3.4. Test 4 Response
Signal generator is operating at a frequency of 3.184 kHz and a peak-to-peak voltage of 3
V. The speaker was placed above transformer 4.
The oscilloscope captures above show how the performance depends on the configuration
of the leads of the audio transformers. Test 1 configuration showed the highest sensitivity of all
the other tests. Additional testing showed that when the speaker is positioned over a floating
transformer that the excited transformers still pick a signal peak-to-peak voltage of 3.68 V. A
floating transformer is a transformer which is not utilized, which means that there is no current
flowing though it and the four leads coming from the transformer are not connected to anything.
When the floating transformer leads are tied together or tied to ground, there is little to no
difference in response. Also, when current is connected to a floating transformer, there is little to
no effect of the output.

40

A final test was to see if the transducer would respond to the human voice. With the
circuit configured as Test 1 and the oscilloscope settings set to 50mV/div and 10ms/div, one can
see the response of one’s voice. With the transducer outside of the shielded enclosure, one can
speak over the transformer and plot the response of one’s voice on the oscilloscope.

CHAPER 5: FINAL THOUGHTS
5.1 Next Step
A few additional steps for this project involve improving the signal-to-noise ratio. It is
possible to add additional filter or digital signal processing to remove the noise in real time. The
wires from the transducer may also be shielded to reduce noise.
The size of the diaphragm may be optimized to have a better response. The human ear
has a hearing range from about 300-3 kHz, anything outside of this becomes more less sensitive
to the ear. The diaphragm may be resized to respond to a frequency of about 1.5 kHz, which is
close to the center frequency of hearing.
The output of the amplifier may be passed through an analog-to-digital converter. The
magnitude of the excitation current may be altered as well. The position of the transformer may
be altered so that they do not interfere with one another. The directivity of the transducer may be
plotted. Different transformers may be experimented with as well.
5.2 Conclusion
In conclusion, the device assembled in this paper does in fact operate as a transducer.
Since the signal levels are so small, it is critical to eliminate as much noise as possible. Isolation
and shielding are of high concern when operating the transducer.
The response of the transducer is dependent on the configuration of the leads coming
from the audio transformers. It was demonstrated that the transducer also had a resonance, and
this may be altered to achieve desired performance. Optimizing the transducer could provide a
highly responsive microphone and may be utilized in several applications.
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APPENDIX A TRANSDUCER PICTURES
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Figure A. Top view of transducer
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Figure B. Side view of transducer

APPENDIX B FINAL SETUP PICTURES
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Figure C. Voltage regulator and current source circuit
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Figure D. Dual-stage amplifier circuit
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Figure E. Final setup of entire setup

